The quorum sensing (QS) system, as a well-functioning population-dependent gene switch, has been widely applied in many gene circuits in synthetic biology. In our work, an efficient cell density-controlled expression system (QS) was established via engineering of the Vibrio fischeri luxI-luxR quorum sensing system. In order to achieve in vivo programmed gene expression, a synthetic binary regulation circuit (araQS) was constructed by assembling multiple genetic components, including the quorum quenching protein AiiA and the arabinose promoter P araBAD , into the QS system. In vitro expression assays verified that the araQS system was initiated only in the absence of arabinose in the medium at a high cell density. In vivo expression assays confirmed that the araQS system presented an in vivo-triggered and cell density-dependent expression pattern. Furthermore, the araQS system was demonstrated to function well in different bacteria, indicating a wide range of bacterial hosts for use. To explore its potential applications in vivo, the araQS system was used to control the production of a heterologous protective antigen in an attenuated Edwardsiella tarda strain, which successfully evoked efficient immune protection in a fish model. This work suggested that the araQS system could program bacterial expression in vivo and might have potential uses, including, but not limited to, bacterial vector vaccines.
B
acteria release, detect, and respond to the accumulation of self-generated chemical signaling molecules called autoinducers (AIs), whose concentration correlates to the abundance of secreting microorganisms in the vicinity (1, 2) . This process, termed quorum sensing (QS), allows bacteria to monitor a variety of processes, including competence, bioluminescence, virulence factor secretion, biofilm formation, and sporulation (3) . A paradigm of quorum sensing regulation is the luminescence (lux) operon in Vibrio fischeri (4) . The lux genes are organized in two divergently transcribed units (5) . LuxI is the autoinducer synthase producing an acyl-homoserine lactone (AHL), N-(3-oxohexanoyl)-homoserine lactone (6) . At low cell density, it is transcribed at a low basal level (7, 8) . As the V. fischeri culture grows and the autoinducers accumulate to a specific threshold, cytoplasmic LuxR proteins form a complex with autoinducers and initiate a positive autoinduction circuit by binding to the luxICDABE promoter (9, 10) . Numerous bacteria secrete enzymes that can degrade the QS signals of heterologous species. The approach of interfering with or destroying the QS signal is referred to as quorum quenching (11) . The AiiA protein produced by Bacillus sp. is a typical AHL lactonase, which can quench quorum sensing systems by hydrolyzing lactone rings of AHL signal molecules (12) . Therefore, introduction of the aiiA gene into quorum sensing circuits renders the QS system under fine negative control.
Bacterial QS signal synthases, receptors, and cognate promoter elements are important components of a wide variety of engineered biological devices (13) . As a well-functioning and population-dependent gene switch, the QS system has been widely applied to many gene circuits in synthetic biology. Several synthetic biology studies have employed the entire lux regulatory module (14) (15) (16) , which served as an oscillator (17) , amplifier (18) , and so on. For example, Basu et al. (15) constructed a synthetic multicellular system in which the engineered receiver cells were designed to form ringlike patterns by expressing reporter proteins of different colors according to AHL concentrations. You et al. (16) built and characterized a population control circuit that autonomously regulated the density of an Escherichia coli population by coupling QS with the synthesis of toxic proteins. Bulter et al. (19) developed an artificial QS system to establish a gene-metabolic network where bacterial cells exchanged acetate molecules that were produced in proportion to cell growth.
Although synthetic QS genetic circuits carried by prokaryotes performed fairly well in vitro with the addition of exogenous inducers to medium to switch the system on or off, how to achieve their in vivo application in eukaryote hosts is a new topic. Because the addition of inducers in vivo is infeasible, it is essential to design a gene switch to initiate the QS system by sensing a specific in vivo environmental signal. Guan et al. (20) established an in vivo inducible suicide circuit by introducing an iron-regulated promoter, which could activate the expression of a lysis gene in response to the iron-limiting signal in vivo and lyse the bacteria effectively. Besides low iron concentrations (21) , the lack of arabinose is another typical in vivo signal. Kong et al. (22) introduced a plasmid carrying the arabinose-regulated genes murA and asdA into a Salmonella enterica serovar Typhimurium ⌬murA ⌬asdA mutant, and the in vivo expression of murA and asdA was strictly turned off after the bacteria invaded host tissues.
The main purpose of our work was to achieve the self-initiation of the quorum sensing system only in an in vivo environment. It was essential to design a gene switch to initiate the QS system by sensing a specific signal in the in vivo environment. We constructed an in vivo-activated expression system called araQS by coupling an artificial QS expression module and an arabinoseregulated QS quenching control module. The expression module ensured the efficient production of the target protein by the quorum sensing system at high cell densities. The control module was composed of the arabinose-activated promoter P araBAD and the quorum quenching gene aiiA. The quorum quenching protein AiiA effectively stopped the function of the quorum sensing system by degrading autoinducers in the presence of arabinose. The expression of AiiA was controlled by the P araBAD promoter, which could sense arabinose in the environment. Thus, when the bacterial host harboring the araQS system was cultivated in an arabinose-rich in vitro environment, the expression of the AiiA protein inhibited the QS system and cut off the whole expression module. However, in an arabinose-free environment, such as in vivo, the absence of the AiiA protein derepressed the QS system, and the target protein was expressed effectively. Subsequent expression assays, both in vitro and in vivo, demonstrated that the araQS system was well regulated by the signals of arabinose and cell density and has great potential for in vivo applications, such as serving in multivalent bacterial vector vaccines.
MATERIALS AND METHODS
Strains and medium. Strains and plasmids used in this study are listed in Table 1 . Escherichia coli strains were grown at 37°C in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 1% NaCl). Aeromonas hydrophila, Vibrio anguillarum, Salmonella Typhimurium, Staphylococcus aureus, and Edwardsiella tarda strains were grown at 30°C in LB medium. Strains were grown in 250-ml flasks with a 50-ml working volume in a shaker at 200 rpm. When required, ampicillin (100 g/ml) or kanamycin sulfate (100 g/ml) was added to the medium for plasmid selection, and arabinose (0.4 mg/ml) or the autoinducer (10 nM) was added for induction (23) . Plasmid construction. General DNA operations were conducted according to standard protocols. Seamless cloning operations were carried out by using a ClonExpress II one-step cloning kit (Vazyme Co. Ltd., China) according to standard procedures. DNA sequencing and primer synthesis (Table 2) were carried out by Generay Co. Ltd. (Shanghai, China).
Three cell density-dependent expression systems, QS1 to QS3, were designed on the basis of plasmid pUTat. The fundamental plasmid pUTat was constructed by replacing the lac promoter, the multiple-cloning site (MCS), and the replicon of pUC18 with a 506-bp sequence containing the MCS and the rrnBT1T2 terminator from plasmid pBV220 and a pAT153 replicon, respectively (24) . Plasmid QS1 was constructed by inserting a luxI promoter fused with a Katushka reporter gene into pUTat. Plasmid QS2 was constructed by adding an intact luxI-luxR quorum sensing circuit into QS1. Plasmid QS3 was constructed by inserting a luxI-luxR quorum sensing circuit into pUTat, with a Katushka reporter gene fused in frame with luxI. Finally, a P araBAD -aiiA control module was inserted into QS3 with a transcription terminator between the control module and quorum sensing module to form a binary QS system (araQS). Plasmid DNA was introduced into E. coli by heat shock and was introduced into other strains by electroporation.
Expression assay in vitro. Bacterial cultures grown overnight were inoculated (1:1,000, vol/vol) into fresh LB medium with antibiotics, and inducers such as arabinose were preadded if needed. For fed-batch cultures, fresh LB medium with antibiotics (and arabinose or autoinducer if needed) was continuously added to the culture vessel to keep the optical density at 600 nm (OD 600 ) lower than 0.3, below the cell density threshold for the activation of the established quorum sensing system. At different time intervals, each culture was sampled and centrifuged at 8,000 ϫ g for 5 min, and the harvested cells were washed with phosphate-buffered saline (PBS) three times and resuspended in PBS. To measure the expression level per bacterial unit, all the samples were diluted to the same OD 600 value (OD 600 ϭ 1.0), and 100 l of each cell suspension was added to a 96-well flat-bottom polystyrene plate (Costar, USA) for fluorescence detection. Katushka protein was detected at excitation and emission wavelengths of 588 nm and 633 nm, respectively. The relative fluorescence value (RFV) per bacterial unit (RFV/OD 600 ) was set as the evaluation parameter to compare the expression efficiencies of different systems.
Expression assay in zebrafish larvae. Bacterial cultures of E. coli-(araQS) grown overnight were inoculated (1:1,000, vol/vol) into fresh LB medium with antibiotics and arabinose. The bacteria were harvested and suspended in PBS. Zebrafish larvae at 6 to 8 days of age were immersed in the cell suspension at a concentration of 10 8 viable bacteria per ml for 2 h and then washed and transferred into freshwater. At the target time point, larvae were washed with PBS at least three times and anesthetized with 0.01% (wt/vol) MS-222 anesthetic. The fish larvae were observed by using an inverted fluorescence microscope (DMI3000 B; Leica). Meanwhile, 5 larvae at each time point were homogenized with lysis buffer and used to coat LB agar plates to count the corresponding number of bacteria.
Expression assay in zebrafish adults. The bacterial suspension of E. coli(araQS) was prepared as described above. Healthy adult zebrafish with an average weight of 0.2 g were intraperitoneally injected with an E. coli-(araQS) suspension at a dose of 10 7 CFU per tail. At 4 h, 12 h, and 24 h postinjection, the internal organs of 20 fish from each group were surgically extracted. After being homogenized and concentrated by ultrafiltration, the tissue samples were analyzed by Western blotting using an antibody specific to Katushka. Meanwhile, zebrafish internal organs taken at different time points were treated with tissue lysis buffer and used to coat LB agar plates to count the number of bacteria in zebrafish.
All in vitro and in vivo assays were repeated at least three times for accuracy.
Vaccination and challenge. The gapA34 gene, encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Aeromonas hydrophila, was inserted into araQS, and the resultant recombinant plasmid, araQS-G, was transformed into attenuated E. tarda vaccine strain WED to create WED(araQS-G). The potential multivalent vaccine candidate WED(araQS-G) was evaluated for immune protection in turbot (Scophthalmus maximus). Attenuated E. tarda strain WED was used as the control. All the vaccination and challenge experiments were done in triplicate.
The turbot, from a mariculture farm in Shandong Province, China, and weighing ϳ10 g, were fed and acclimated for 30 days before the experiment. Three turbot groups were intraperitoneally injected with sterilized saline (0.1 ml per tail), a WED suspension (10 7 CFU per tail), and a WED(araQS-G) suspension (10 7 CFU per tail). The immunized fish were reared in aquaria supplied with a continuous flow of recycling water at ϳ16°C to 18°C. Four weeks later, each immunized group was divided into 2 challenge subgroups, which were intramuscularly injected with wild-type A. hydrophila (8 ϫ 10 7 CFU per tail) and wild-type E. tarda EIB202 (6 ϫ 10 3 CFU per tail). The mortality was recorded for 4 weeks after challenge, and the observation of surviving fish was extended to 6 weeks. Significant differences and relative percent survival (RPS) values were calculated by using Fisher's exact test and according to the formula RPS ϭ (1 Ϫ mortality rate of vaccinated fish/mortality rate of control fish) ϫ 100, respectively.
All the animal experiments were approved by the Institutional Animal Care and Use Committee of East China University of Science and Technology.
RESULTS

Construction of cell density-dependent expression systems.
The quorum sensing elements, including luxI, luxR, and their respective promoters, were cloned from V. fischeri. Three plasmids, QS1 to QS3, were designed based on different strategies (Fig. 1A) and transformed into E. coli BL21 strains for function tests in vitro. QS1, containing only the luxI promoter, almost failed to express Katushka. This finding suggested that the luxI-luxR quorum sensing circuit from the E. coli genome could not activate the luxI promoter of V. fischeri (Fig. 1B) , possibly because of species specificity (25, 26) . More importantly, the single luxI promoter lost its vitality without the help of other quorum sensing components. Comparatively, both QS2 and QS3 were designed to contain intact V. fischeri QS gene elements, and the only difference between them is that the Katushka gene was transcribed from a separate P luxI promoter in QS2, while it was cotranscribed with luxI in QS3. The results (Fig. 1B) showed that QS3 displayed a dramatically increased expression level, comparable that of to highly efficient pET expression system, while QS2 displayed only a low expression level. The low efficiency of QS2 might be caused by the presence of two individual luxI promoters competitively binding with a limited number of LuxR-AI complexes, which act as transcription activators to initiate the QS system. For QS3, the expression level continued to decrease in the first 3 h and then started to increase after 3 h. These data indicated that QS3 was not activated until the cell density reached the threshold (OD of 0.47 for QS3 system) at 3 h postinoculation. To further confirm the cell density-dependent behavior of QS3, a fed-batch culture model was established to keep the cell density of the bacterial culture below the threshold by feeding fresh medium continuously. Concurrently, a contrasting experiment was conducted by adding medium with autoinducer molecules into the fed-batch culture. As shown in Fig. 1C , 
the RFV of the QS3 strain in the fed-batch culture dropped instantly and stayed low the entire time, showing that the quorum sensing circuit remained inactivated when the microbial population density was kept below the threshold level. This result confirmed that a small bacterial population of QS3 could not synthesize enough autoinducer molecules to activate the QS system. Simultaneously, the addition of exogenous autoinducers significantly activated QS3 in fed-batch cultivation, even with the cell density being below the threshold level. All these data confirmed that the artificial QS3 system is an efficient and cell density-regulated expression system. Design of a binary QS system that responds to arabinose and cell density. Although QS3 performed well in regulating gene expression in a cell density-dependent manner in vitro, it is rather challenging to control the switch of the QS system by a specific in vivo signal for potential applications in eukaryotic hosts. Here, a P araBAD -aiiA gene module was inserted into QS3 to form a new binary QS system, araQS. In this circuit ( Fig. 2A) , arabinose, as an inducer, activates the transcription of the aiiA gene from P araBAD (27, 28) , and the expressed AiiA proteins repress the P luxI promoter by degrading autoinducers and quench the QS3 system even at high cell density. Since arabinose is often absent in eukaryotic hosts, the P araBAD -aiiA gene module was designed to act as an arabinose-responsive molecular switch to negatively regulate the QS system in vivo.
The performance of araQS in the E. coli BL21 host was assayed by adding arabinose to the culture medium. The araQS system was severely inhibited in the presence of arabinose (Fig. 2B) , indicating that arabinose-induced AiiA proteins remarkably repressed the QS system by degrading autoinducer molecules. On the contrary, the araQS system was significantly derepressed in the absence of arabinose because the quorum quenching protein AiiA was not synthesized. All these data confirmed that the P araBAD -aiiA gene module could negatively control the QS system by responding to arabinose in the medium. The araQS system was further analyzed in the fed-batch culture model (Fig. 2C) . As long as the cell density was below the threshold value, the araQS system was always kept switched off, even in arabinose-free medium, unless an exogenous autoinducer was added. The results confirmed that the araQS system, composed of the P araBAD -aiiA regulation module and a quorum sensing circuit, exhibits a precise dually arabinose-and density-regulated expression feature.
In vivo performance of the araQS system. Although araQS was demonstrated to be an efficient binary system that responds to arabinose and cell density in vitro, its performances in vivo still remained unknown. In the following work, zebrafish larvae and adults were applied as animal models to evaluate the in vivo performances of araQS. The recombinant E. coli strain carrying araQS was administered to zebrafish larvae by immersion, and both fluorescence intensity and bacterial counts in larvae were then monitored at different intervals. Until 6 h postimmersion, no obvious Katushka fluorescence signal was detected (Fig. 3A) , which was in accordance with the in vivo propagation kinetics of the E. coli strains (Fig. 3B) . The results indicated that the araQS system functioned well in zebrafish larvae. Responding to the arabinose-free signal in vivo, the araQS system was derepressed by switching off aiiA transcription from P araBAD , and simultaneously, araQS was activated by locally accumulated autoinducers from an increasing microbial population in vivo. In addition, E. coli-(araQS) was administered to zebrafish adults by injection, and the system. E. coli BL21 harboring the QS3 system was cultivated in a fed-batch model, and the OD 600 was maintained below 0.3 by feeding fresh medium continuously. Autoinducers of the QS system were exogenously added to the medium or not.
in vivo expression pattern of araQS was evaluated. As shown in Fig. 3C and D, the araQS system was activated significantly after 4 h postinjection upon in vivo propagation of the bacteria. All the data confirmed that the araQS system was effectively activated in the zebrafish model through responding to both arabinose-free and cell density signals, displaying a dually regulated expression feature.
Expression of araQS in a wide range of bacterial hosts. Adap- tation to different bacterial host environments is an important indicator of a trustworthy expression system. Since araQS was composed of the quorum-related genes luxI and luxR from V. fischeri, aiiA from Bacillus thuringiensis, and the arabinose promoter, it is of interest to test whether these heterologous gene elements could be coordinated in different bacterial hosts. Here, araQS was introduced into different Gram-negative bacteria, including the fish pathogens Edwardsiella tarda and Vibrio anguillarum and the human pathogen Salmonella Typhimurium, and the Gram-positive bacterium Staphylococcus aureus. The expression performances of these recombinant strains were then assayed in vitro (Fig. 4) . All four strains bearing araQS presented high protein expression levels and a binary regulation pattern similar to that in E. coli. These data suggested that the heterologous gene elements of araQS were compatible with different bacteria and might have the potential to be applied in a wide range of bacterial hosts. Application of araQS in a multivalent bacterial vaccine. A multivalent bacterial vaccine is constructed via the expression of a heterologous antigen in a live bacterial vector, and this is an attractive vaccine strategy to induce an immune response to the carried protective antigen. How to enhance antigen expression and delivery without reducing vaccine stability and vitality has long been challenging researchers. Constitutive expression of a heterologous antigen in attenuated bacteria often causes obvious metabolic burdens and thus results in declining in vivo colonization for the live bacterial vaccine (29) . To overcome the shortcomings of constitutive expression, in vivo-inducible promoters have been used to regulate antigen expression (30) . In this work, the in vivo-triggered araQS system was used to produce antigen in vivo after the live recombinant vaccine was administered to the host.
Edwardsiella tarda is an important facultative intracellular pathogen of both animals and humans (31) . An attenuated E. tarda strain, called WED, was constructed by in-frame deletion of eseBCD and aroC, and this attenuated strain was proven to be an efficient live bacterial vaccine for fish (32) . In order to establish a suitable expression system for application in a multivalent E. tarda vaccine, the in vivo-triggered araQS system and the in vitro-expressed QS3 system were used to express heterologous protein in WED. Compared to WED(araQS), WED(QS3) displayed significantly inhibited growth in vitro (Fig. 5A) and also an impaired colonization ability in vivo in fish (Fig. 5B) , possibly due to the metabolic burden of heterologous protein expression. The results suggest that in vivo-triggered expression of a heterologous antigen facilitates bacterial colonization in vivo and thus is more suited for vector vaccine design.
In order to design a multivalent E. tarda vaccine using the araQS system, the protective antigen gene gapA34 from the pathogenic organism A. hydrophila, encoding GAPDH (33, 34) , was inserted into the araQS plasmid and transformed into attenuated E. tarda strain WED, forming a multivalent vaccine candidate, WED(araQS-G) (Fig. 6A) . As shown in Fig. 6B , GADPH was effectively produced in WED(araQS-G) under arabinose-free and high-cell-density conditions. To further investigate the in vivo application of WED(araQS-G) as a multivalent vaccine, protection
FIG 4 In vitro performance of araQS in different bacterial hosts. The araQS plasmid was transformed into Edwardsiella tarda, Vibrio anguillarum, Salmonella
Typhimurium, and Staphylococcus aureus, and the resultant recombinant bacterial hosts were cultivated in LB medium with or without the addition of arabinose. Simultaneously, the recombinant bacteria were cultivated in a fed-batch model to maintain the OD 600 below 0.3 by feeding fresh medium continuously. Each of the cultures was harvested and adjusted to an OD 600 of 1 for fluorescence detection at the indicated time points. efficacy was evaluated in turbot, an important cultured fish in China. The multivalent vaccine WED(araQS-G) showed significant protection against challenge with E. tarda EIB202 (RPS ϭ 73.3%) and A. hydrophila LSA34 (RPS ϭ 68.6%) over the saline control (Table 3) , while the monovalent vaccine WED triggered significant protection against E. tarda EIB202 (RPS ϭ 76.7%) but only a slight response against A. hydrophila LSA34 (RPS ϭ 13.9%). These data confirmed that araQS-mediated expression of GAPDH in WED effectively protected turbots from experimental challenge with A. hydrophila LSA34 while exerting no adverse effect on protection against E. tarda infection.
DISCUSSION
The engineering of gene regulatory networks is a cornerstone of synthetic biology (35) . Cell-cell communication represents a valuable mechanism to engineer novel signaling constructs in bacteria (36) . The genetic elements of the V. fischeri quorum sensing circuit have been successfully used in several artificial genetic systems (15, 17, 37) . However, all of these systems were intended to work in vitro by adding inducers to initiate the pathway of circuits. A highly efficient and cell density-dependent QS system has been designed by rewiring quorum sensing genetic elements of V. fischeri into E. coli (38) . In order to engineer the QS system for use in vivo, it is essential to integrate an additional regulation module to keep the artificial network inactivated in vitro unless it senses a special in vivo signal. Generally, there are two ways to manipulate the QS circuit, either positively by an in vivo-induced activator or negatively by an in vitro-induced inhibitor. In this work, the araQS system with binary regulation was designed for in vivo applications based on the latter strategy. Because of the absence of arabinose in almost all kinds of in vivo environments, the P araBAD -aiiA module, consisting of the arabinose-activated promoter P araBAD and the quorum quenching gene aiiA, was constructed and coupled to the QS system. The resultant araQS system exhibited an in vivo-triggered and cell density-dependent expression pattern in in vivo environments such as zebrafish models.
The araQS system was established as a chimeric system, comprising an optimized QS circuit from V. fischeri, the arabinose promoter P araBAD , and the aiiA gene from B. thuringiensis. The araQS system displayed a high level of compatibility with a variety of bacterial hosts, indicating araQS forms a self-contained and closed-loop expression circuit that is less dependent on hosts. Although some bacterial hosts used in this work might possess their own QS systems and produce their own AHL autoinducers, no cross talk or interference between the native bacterial host QS and the heterologous araQS systems was found. This could be attributed mainly to the fact that the AHL autoinducers differ in the shape of the acyl side chain between species and specifically activate the QS circuit of their own species (6, 26, 39) . All these data suggested that the araQS system has great potential as a general expression tool in a wide variety of bacterial hosts. However, the araQS system was shown to be initiated at a very early stage, when CFU per tail) at 12, 24, and 48 h. Ten fish were set as a pool, and three parallel experiments were done. At the indicated time points, 10 fish from each group were randomly picked and homogenized, and the corresponding number of bacteria was counted by coating LB agar plates with homogenized fish.
FIG 6 Construction of the recombinant vector vaccine WED(araQS-G). (A)
Plasmid construction of araQS-G. (B) Expression analysis of GAPDH in WED(araQS-G) by SDS-PAGE. Recombinant bacteria were cultivated under different conditions for 9 h. HCD, high cell density; LCD, low cell density; ara ϩ, medium with arabinose added; ara Ϫ, arabinose-free medium; M, protein molecular marker. the bacteria were still in a small population both in vitro and in vivo. This might be explained by the fact that multiple copies of the araQS plasmid make bacteria produce higher levels of autoinducers, and thus, accumulated autoinducers could reach the threshold at a lower cell density. Thus, bacteria bearing araQS exhibit a much lower threshold than V. fischeri with a single copy of the QS system on its chromosome. Therefore, if a delayed initiation of araQS in vivo is expected, a low-copy-number plasmid or singlecopy integration into the chromosome is a reasonable choice.
Bacterial vector vaccines are an attractive vaccination strategy to induce multiple immune responses to both the bacterial vector and the carried protective antigen (40) . The superiorities of live bacterial vaccines are essentially based on their mimicry of natural infection in hosts (41) . A typical bacterial infection involves a round of sequential in vivo events, including invasion, colonization, propagation, and then dissemination. At the early stage of infection, invading bacteria are in a small population at the site of infection, and they are required to contend desperately with rigorous host stresses for successful colonization. The additional metabolic burden of heterologous expression at this stage will unwittingly attenuate the bacterium to some extent and then impair colonization. Therefore, it is rather beneficial to turn off antigen expression in bacteria until colonization is established in vivo (30, 42) . In this work, the araQS system, with an in vivo-triggered and population-dependent expression pattern, was used to express a heterologous protective antigen in an attenuated bacterial strain. Compared with QS3, the araQS system kept protein expression switched off in vitro, which significantly facilitates bacterial growth in vitro and bacterial colonization in vivo. Therefore, the araQS system has great potential for the design of a bacterial vector vaccine.
In summary, an in vivo programmed expression circuit was established in this work, which was derepressed by the arabinosefree signal in vivo and then programmed to produce heterologous proteins in a cell density-dependent manner. This artificial synthetic circuit might have the potential for in vivo applications, including, but not limited to, bacterial vector vaccines. The mortality was recorded for 4 weeks after challenge, and the observation of surviving fish was extended to 6 weeks. b RPS is the relative percent survival, which is defined relative to the saline group and is calculated as follows: RPS ϭ (1 Ϫ mortality of vaccinated fish/mortality of control fish) ϫ 100.
c If the RPS was Ͼ60%, the vaccine candidate showed protection against challenge, indicated by a "ϩ." If the RPS was Ͻ30%, the vaccine candidate showed no protection against the challenge strain, indicated by a "Ϫ." d The vaccination and challenge experiments were repeated three times.
